Abstract-This paper presents the design, modeling, and experimental demonstration of a novel pressure sensor using an AT-cut quartz crystal resonator with beat frequency analysis-based temperature compensation technique. The combination of a compact design of the proposed piezoelectric crystal resonator structure and temperature compensation technique has advantages such as high accuracy, low cost, and good performance attributes. The sensor measures pressure and temperature simultaneously with a single AT-cut quartz resonator, thus avoiding the thermal lag problem in the commercial multiresonator-based pressure sensors. The pressure sensor is designed using computer-aided design software and CAE software (COM-SOL Multiphysics). Finite-element analysis (FEA) of the pressure sensor is performed to analyze the stress-strain of the sensor's mechanical structure. A 3-D-printing prototype of the sensor was fabricated, and the sensing principle was verified using a force-frequency analysis apparatus. Subsequently, a full-up pressure sensor was fabricated with a stainless steel housing and a built-in crystal oscillator circuit. Based on the FEA and experimental results, we have determined that the maximum pressure the sensor can safely measure is 45 psi. Test results performed on the stainless steel product show a good linear relationship between the input (pressure) and the output (frequency).
regard to QCR pressure sensors, this ensures the linearity of deformation of the diaphragm and, therefore, enhances the linearity of the sensor. The high Q factor of the QCR enables low-noise circuitry which in turn enables very high resolution, and the long-term stability of the resonator enables reliable high-accuracy output. Given these, many QCR-based pressure sensors have been developed.
Commercial pressure sensors are commonly designed using thickness-shear-mode QCRs with a sensing mechanism based upon the well-known force-frequency effect of precision quartz resonators. The effect refers to the fact that when a force is exerted upon the circumference of a quartz resonator, its resonant frequency will shift in proportion to the applied force [2] , [3] . Currently, most of such pressure sensors use an all-quartz structure that is constructed from a single piece of quartz crystal configured as a thick-wall hollow cylinder with closed ends [4] , [5] . In these designs, the thickness-shear-mode disc resonator is located in the central part of the hollow cylinder. Exterior fluid pressure hydrostatically compresses the quartz cylinder, producing internal compressive stress in the disc resonator. EerNisse and Wiggins [2] categorized all-quartz-based pressure sensor into four groups: 1) pressure sensor using diametric force application, 2) pressure sensor using uniform stress, 3) pressure sensor using uniform stress and a diametric force component, and 4) pressure sensor using uniaxial stress.
Despite their good performance, the cost of all-quartz-based pressure sensors is high, their structures are complicated, and the effect of temperature on the pressure measurement has not been eliminated completely [6] . Most of those pressure sensors use three separate single-mode crystal resonators to perform temperature compensation: One resonator responds to the exposed pressure, the second resonator is sensitive to temperature, and the third resonator functions as a reference with minimal sensitivity to both pressure and temperature [7] . Although this method can provide the temperature compensation with the use of a microprocessor, the accuracy of the pressure measurement using this method is affected by a thermal lag which occurs when any distance exists between the crystals. As an alternative, a dual-mode excitation method can be used to provide superior temperature compensation since any distance between the sensing crystals is eliminated. In dual-mode excitation, two modes occupy the same volume of quartz (two separate modes are driven in a single quartz resonator). As a system, the dual-mode excitation in the crystal can be used to perform self-sensing of 0278-0046 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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temperature and, thus, eliminate the need for any temperature control at the sensor, and this can simplify the overall structure of the sensor. Wang et al. [8] , [9] reported that the beat frequency in an AT-cut quartz crystal, which is obtained as the difference between three times the fundamental-mode frequency and the third-overtone mode frequency of vibration, has a linear relationship with the temperature and force independence. Therefore, dual-mode operation can be combined with microprocessor techniques to compensate for temperature changes, resulting in pressure measurements with higher accuracy [2] , [9] [10] [11] . For the reasons mentioned above, this paper focuses on the design, modeling, and experimental demonstration of a novel pressure sensor using an AT-cut QCR using a beat frequency analysis-based temperature compensation technique. A novel mounting structure for the crystal resonator is presented. The new pressure sensor has potential advantages in low cost, high accuracy, and simplified structure. In this sensor, the force sensing element is a commonly used circular AT-cut QCR that is mounted in two holder caps and excited simultaneously by two modes of vibration (fundamental mode and third-overtone mode). Pressurized air from the sensor inlet is isolated from the sensing quartz crystal by a diaphragm. An oscillator circuit which excites the crystal resonator at fundamental vibration mode was fabricated. The performance of the sensor was verified through pressure measurements performed with a stainless steel model making use of the fabricated oscillator circuit.
II. PRESSURE SENSOR DESIGN

A. Operation Principle of the Pressure sensor
Inlet air pressure is used to apply a compressive force to an AT-cut QCR. The resonator is held in place by slots inside a mounting box comprised of two circular caps that are free to move toward each other as the resonator is compressed. The mounting box is isolated from the air inlet by a diaphragm. When air pressure is applied at the inlet, the diaphragm is deformed such as to apply force on the crystal through the upper cap of the box. By measuring the frequency shift arising from the applied force on the crystal, we can measure the relative inlet pressure of the environment. To compensate for the influence of temperature changes on the accuracy of the pressure measurement, the crystal resonator is excited at fundamental-and third-overtone vibrational modes simultaneously. The beat frequency is measured and a microprocessor is utilized to determine the required compensation. At the same time, the changes in the third-over tone frequency by itself are used to measure the pressure. In the design demonstrated here, the diameter of the AT-cut QCR is 15 mm, the thickness is 0.381 mm, and the resonance frequency is 5.297 MHz. Fig. 2 ), is used for a finite-element analysis (FEA). In this 3-D assembly, four parts are assembled with constraints in accordance with the design drawing. The 3-D assembly with .iam format is converted into .stp format by using autodesk inventor. This .stp file is then imported into COMSOL for FEA.
B. Preliminary Design by Computer-Aided Design (CAD) Software
Two electrodes on the opposite sides of the crystal are connected to one side of the oscillator circuit by electrical wires. The other side of the circuit has connections with power supply and frequency output. The material used for the sensor housing is stainless steel 303 since this material can resist corrosive environments such as oil and gas. 
III. FINITE-ELEMENT ANALYSIS
FEA was performed using COMSOL Multiphysics software. The primary component consisting of the diaphragm, mounting box caps, and the crystal resonator was analyzed. This model was divided into four subdomains as shown in Fig. 2 . The material for the highlighted subdomains in Fig. 2(a) , (c), and (d) is stainless steel. The material for the highlighted subdomain in Fig. 2(b) is quartz. The direction of the force applied on the crystal is parallel with the X-axis of the crystal.
A total of 72 boundaries are included in the analyzed model. The highlighted boundaries as shown in Fig. 3(a) -(c) are fixed boundaries. A distributed load from 10 000 to 490 000 Pa with increment 30 000 Pa is applied on the inner surface of the diaphragm which is highlighted in Fig. 3(d) . The remaining boundaries are set as free (not constrained) boundaries.
After defining boundary conditions and meshing consisting of 21 722 elements, an FEA analysis was performed. As a result of the FEA simulation, the stress on the crystal along the diametric axis, stress on the diaphragm, and the total displacement of the structure were obtained. The maximum allowable inlet pressure was determined by considering the maximum allowable force that can be applied on the crystal resonator without breakage (200 N). Fig. 4 presents the FEA results for the stress distributed on the crystal along its 13-mm-diameter parallel to the crystallographic X-axis. As seen in the graph, the center position (x = 0) of the crystal has the highest stress, and the stress reduces from the center to the boundary of the crystal. We also observe that from x = −6.5 mm (boundary) to x ≈ −3.5 mm and from x ≈ 4.5 mm to x = 6.5 mm (boundary), the stress on the crystal fluctuates. This is because these two regions have arcshaped distributed force, which is generated because the contact surface between the boundary of the circular crystal and the base of the crystal holder is an arc. One potential improvement over this initial design would involve having a flat surface along the edge of the crystal at the contact between the crystal and the holder. Fig. 5 demonstrates the stress on the diaphragm when the distributed load is at highest level (0.49 MPa). As shown, the boundary and the center of the diaphragm have the highest stress. However, the highest stress is 41 MPa, which is much lower than the yield strength of steel (250 MPa). Thus, the stress on the diaphragm is acceptable with the defined load. Fig. 6 demonstrates displacement in a diametric section of the assembly model. The magnitude of the displacement reduces from the diaphragm to the crystal. The maximum displacement found in the diaphragm is 2.084 × 10 −6 m, which is a small value and can be ignored. Table I presents the data achieved from FEA on the inlet pressure and the response stress in the crystal. The force applied on the crystal is calculated from relative stress values. Since the maximum allowable force applied on the crystal is 200 N, based on Table I , the corresponding maximum inlet pressure is 340 kPa = 49.31 psi. The inlet pressure value to be used in the pressure measurement experiment should be less than that maximum value considering the safety factor. Therefore, the value 45 psi is chosen. Overall, the pressure at the diaphragm results in force being applied to the sensing resonator at the rate of 0.6 × 10 −3 N/Pa.
IV. THREE-DIMENSIONAL-PRINTING PROTOTYPE AND EXPERIMENT
The results of the FEA indicated that the design was feasible. Therefore, a 3-D-printing prototype (see Fig. 7 ) was produced and used for initial experiments before fabricating a pressure sensor with stainless steel housing. The material of the prototype is ABS plastic. The purpose of the experiment was to verify the linear relationship between applied force (pressure) and the relative frequency shift of the crystal as mounted in the prototype and excited at the fundamental mode of vibration. Fig. 8(a) shows the mounting and electrical connections of the crystal within the prototype. Fig. 8(b) shows the resonance curve (amplitude as a function of frequency) of the crystal as mounted in the two caps and before applying any force. Fig. 9(a) shows the prototype mounting of the box, with the crystal inside, on the measurement apparatus. By rotating a lead screw, the applied force on the box was increased from 0 to 45 N with increment of 5 N. The output frequency was obtained using a network analyzer and increased as the applied force was increased. The force-frequency relation as mounted was confirmed as highly linear (see Fig. 9(b) ). The deviations from ideal appear to be dominated by the measurement noise. 
V. FINAL PRESSURE SENSOR WITH STAINLESS STEEL HOUSING AND EXPERIMENT
A. Pressure Sensor With Stainless Steel Housing
Figs. 10 and 11 show views of the assembly of the final pressure sensor with its stainless housing. The design was updated from the preliminary design based on the results of the FEA. Items 101, 102, 103, 104, 105, 106, and 107 in Figs. 10 and 11 were fabricated using stainless steel 303 material. Based on the FEA result, the slot on the crystal holder of the final sensor is a flat surface to reduce stress on the crystal and align the X-axis of the crystal with the force direction. Fig. 12 is an exploded view illustrating all parts of the pressure sensor.
A crystal resonator circuit probes the resonator with the superposition of two harmonic modes by simultaneously exciting the fundamental mode and third-overtone mode [12] . In this paper, we have focused on the circuit that can excite the crystal resonator in the fundamental mode and experiments based on this circuit. The input power supply for the circuit is +15-V dc. Fig. 13 shows the detailed schematic of this circuit. Fig. 14 shows how the AT-cut QCR is mounted on the stainless steel lower cap. The two electrodes of the crystal are connected to electrical wires by two spring coils. These wires are brought out through one of the end caps and connected to the oscillator circuit. Fig. 15 outlines a pictorial diagram for testing the pressure sensor with the stainless steel housing. In this experiment, the frequency variation versus pressure relation (Δf P 1 ) was measured when the crystal was excited at fundamental vibrational mode using the fabricated crystal oscillator circuit. The input (diaphragm inlet) of the pressure sensor was connected to an air pressure source (from 0 to 45 psi, with 5-psi increment), and its output was connected to a frequency counter and an oscilloscope to check the relative resonance frequency shift and the output wave form. The pressure sensor was supplied with 3.7-V dc to operate the oscillator circuit. Fig. 16 shows the actual test apparatus with measurement data in view as a wave form of the output on the oscilloscope and the relative resonance frequency on the frequency counter. The measured results are shown in Fig. 17 . The graph shows the expected predominantly linear relationship between the input (pressure) and the output (frequency).
B. Experiment on the Pressure Sensor Using Fabricated Crystal Oscillator Circuit
C. Experiment on Pressure Measurement With Temperature Compensation
Beat frequency method is performed for temperature measurement and a procedure for temperature compensation with this method is proposed. The photograph of the experimental set up shown in Fig. 18 is used to carry out the frequency versus temperature analysis of the pressure sensor. The experiment was performed in temperature range from room temperature to 60°C for both fundamental-and third-overtone frequencies. Table II shows the Q value and equivalent circuit parameters of the crystal in the pressure sensor when it is excited at fundamental mode and third-overtone mode. The beat frequency, which is obtained as the difference between three times the fundamental-mode frequency and the third-overtone mode frequency of vibration, is calculated offline, and a graph of the beat frequency and temperature relation is shown in Fig. 19 . The beat frequency, which does not depend on force (pressure load) and has a linear relationship with temperature, is used to measure the temperature. Meanwhile, the third-overtone frequency is used to measure applied pressure. Thus, simultaneous measurement of temperature and pressure can be achieved.
The pressure measurement is repeated at different temperatures by enclosing the pressure sensor in a furnace. Fig. 20 shows the experimental setup. The variation in the third-overtone frequency (Δf
) against the input pressure from 0 to 50 psi with increments of 5 psi at different temperatures is plotted in Fig. 21 .
The offline temperature compensated frequency output can be obtained by subtracting the shift in the third-overtone frequency (Δf P , T 3 ) due to pressure and temperature load from the thirdovertone frequency (Δf T 3 ) shift obtained with temperature alone under no pressure load conditions. Fig. 22 demonstrates the compensated output of the pressure sensor for applied input pressure from 0 to 50 psi with increments of 5 psi at temperatures from 30 to 60°C with increment of 5°C. 
VI. CONCLUSION
The design, modeling, and experimental demonstration of a pressure sensor using an AT-cut QCR with beat frequency analysis-based temperature compensation technique have been accomplished. The combination of a compact design for the proposed piezoelectric crystal resonator structure and the advanced temperature compensation technique offers advantages in high accuracy, low cost, and good performance. The use of a single dual-mode crystal resonator to measure force and temperature simultaneously minimizes the thermal lag problem which otherwise affects the accuracy of the pressure measurement. FEA of the diaphragm and the crystal resonator were performed to verify the design. A 3-D-printing prototype of the pressure sensor was fabricated, and its performance was verified through a force-frequency effect experiment using a specially designed apparatus. As a final step, full-up pressure sensor with a stainless steel housing and a crystal oscillator circuit has been fabricated. Experimental measurements performed on the sensor with the stainless steel housing show a good linear relationship between the input (pressure) and the output (frequency).
